Blue-ice areas (BIAs) cover $1% of the East Antarctic ice sheet and are visual evidence of persistent ablation. In these regions, more snow is sublimated and/or eroded than is accumulated. The physical processes driving the formation of BIAs are poorly understood. Here we combine a firndensification model with high-resolution (5.5 km) maps of surface mass balance and ice velocity to simulate the build-up and removal of a firn layer along an ice flowline passing Byrd Glacier. A BIA is formed once the complete firn layer is removed. Feedback processes, which enhance blue-ice formation through the difference in surface characteristics of snow and ice, are examined using sensitivity simulations. The presence of blue ice on Byrd Glacier is found to be mainly determined by (1) ice velocity, (2) surface mass balance and (3) the characteristics (thickness, mass) of the firn layer prior to entering the ablation area. With a moderate decrease of the surface mass balance, the location and extent of the simulated BIA on Byrd Glacier is found to be in good qualitative agreement with MODIS optical imagery.
INTRODUCTION
The Antarctic ice sheet (AIS) is almost completely covered by a 50-150 m thick layer of firn, the transitional phase of snow to ice (Ligtenberg and others, 2011) . In blue-ice areas (BIAs), however, no firn layer exists and glacier ice is exposed at the surface (Bintanja, 1999; Sinisalo and Moore, 2010) . Various observational and model studies show that 0.8-1.6% of the AIS surface can be classified as a BIA (e.g. Winther and others, 2001; Van den Broeke and others, 2006) . BIAs experience net ablation, caused by a combination of low precipitation, strong sublimation of drifting and surface snow, erosion of surface snow, and/or melt (Takahashi and others, 1988; Bintanja and Van den Broeke, 1995; Van den Broeke and others, 2006) . To some extent, BIAs are self-sustaining; blue ice has a lower surface albedo (0.5-0.6) than snow (0.8-0.9) (Bintanja and Van den Broeke, 1995) , leading to more absorbed radiation and higher surface temperatures in summer, enhancing sublimation rates. Also, blue ice is smoother than snow, making it harder to form a continuous snow cover on the surface (Van den Broeke and Bintanja, 1995a) .
BIAs were first observed and studied in the 1950s during the Norwegian-British-Swedish Antarctica Expedition in Dronning Maud Land (DML) (e.g. Schytt, 1961) . During the following half-century, the main focus of BIA research was geological and paleoclimatological, as the ice at the surface of a BIA can be very old and therefore provides relatively easy access to climate archives. The discovery of numerous meteorites on BIAs further enhanced this interest (Yoshida and others, 1971; Cassidy and others, 1992) . Their smooth and hard surfaces also make them potential runways for wheeled aircraft (Swithinbank, 1991) . Later, the focus of research shifted more towards the physical properties of BIAs and their surface energy balance (e.g. Bintanja and Van den Broeke, 1995;  Van den Broeke and Bintanja, 1995a,b) .
BIAs can be mapped using spectral radiation data from satellites, typically by comparing visible bands with a near-or middle-infrared channel (e.g. Winther and others, 2001; Brown and Scambos, 2004; Scambos and others, 2007) , or from climate models that simulate the surface mass balance (SMB) (Van den Broeke, 1997; Van den Broeke and others, 2006; Lenaerts and others, 2012a) . A larger part of the East Antarctic plateau ($17%) is classified as 'windglaze' or 'wind-scour' areas (Scambos and others, 2012; Das and others, 2013) , which are characterized by a windswept, smooth surface. The SMB of wind-glaze areas is near zero (À20 to +20 kg m -2 a À1 ), and slightly negative for wind-scour regions. However their surfaces still consist of firn instead of glacier ice, which can be explained by the finite residence time in ablation areas, owing to ice flow.
The formation of BIAs can be divided into two main processes: roughly half is classified as wind-induced BIA, while the other half is melt-induced (Winther and others, 2001; Van den Broeke and others, 2006) . A wind-induced BIA is characterized by a smooth, rippled surface where wind divergence leads to snow erosion. In combination with ongoing sublimation, this causes a negative SMB. This BIA type is often observed on the leeward side of a nunatak in the ice sheet (Takahashi and others, 1992; Bintanja, 1999) . Firstly, the nunatak blocks or redirects precipitating and drifting snow, so snow does not deposit on the leeward side. Secondly, the rock causes turbulence and wind divergence on its leeward side, leading to more enhanced erosion and sublimation. Thirdly, ice velocity is low around a nunatak, giving the ablation processes time to remove the full firn layer. The horizontal length scale of a wind-induced BIA is related to the height of the nunatak (Takahashi and others, 1992) . In DML and other mountainous areas (e.g. the Transantarctic Mountains), numerous wind-induced BIAs are present. In contrast, a melt-induced BIA shows a more irregular surface with depressions and hollows. When meltwater refreezes near the surface, or runs off to lowerlying areas, it can form lakes in surface depressions (Winther and others, 2001). Melt-induced BIAs are often found near the Antarctic coast, where temperatures are high enough to produce significant melt. The largest known area is located on Lambert Glacier and the Amery Ice Shelf, East Antarctica (Yu and others, 2012).
Another BIA classification that can be used is whether the BIA occurs on flowing or near-stagnant ice ('open' and 'closed' types of BIA; Sinisalo and Moore, 2010) . The latter occurs in the vicinity of nunataks that block the ice flow, so the ice becomes stagnant (Bintanja, 1999) . If the local SMB is negative, an equilibrium between ice inflow and surface ablation will be reached. BIAs also occur on fast-flowing ice. Their development depends on the ratio of surface mass removal and ice-flow velocity. When we consider an iceflow trajectory from the ice divide to the ice shelf, the firn column that is carried by the ice grows or shrinks, depending on the local SMB (Fig. 1) . The firn layer mass balance (FMB) can be viewed as the difference between the SMB and the transition rate from firn to ice at the bottom of the firn layer. Near the ice divide (left in Fig. 1 ), ice flow is slow and the firn layer is usually in equilibrium with the SMB, making the FMB equal to zero and the firn layer thickness constant in time. When the ice column flows into a region with higher SMB, the firn layer will grow. Likewise, the firn layer will shrink if an area of smaller SMB is encountered. In ablation areas, the entire firn layer can be removed, exposing the glacier ice at the surface, and thereby creating a BIA. When the ice column subsequently flows into a region with positive SMB, snow will start to accumulate at the surface, forming a new firn column. These types of BIAs are often found along the coastal margins of East Antarctica or on valley glaciers in mountainous areas (e.g. Byrd and Beardmore Glaciers; Brown and Scambos, 2004) , where strong katabatic wind accelerations cause drifting-snow erosion and high sublimation rates (Frezzotti and others, 2005; Scarchilli and others, 2010; Lenaerts and others, 2012b) .
In this study we focus on Byrd Glacier (BG; 80-818 S, 157-1608 E), where the latter type of BIA is found: windinduced and on flowing ice. We combine ice-velocity SMB maps with a firn-densification model (FDM), to simulate the evolution of a firn column moving through the Byrd ablation area. The focus is mainly on determining which processes and firn-layer characteristics are important for BIA formation on fast-flowing ice, rather than to precisely quantify these effects. The different models and datasets are introduced first. Thereafter, the application to BG is discussed, including sensitivity experiments in which varying strengths of BIA feedback mechanisms are imposed.
Atmospheric forcing
Atmospheric forcing is provided by a simulation at 5.5 km horizontal resolution of the regional atmospheric climate model RACMO2 (Van Meijgaard and others, 2008; Lenaerts and others, 2012b) . In previous runs at 27 and 55 km resolution, RACMO2 realistically simulated the Antarctic near-surface climate and SMB (Van de Berg and others, 2005; Lenaerts and others, 2012a) . The model includes a module to calculate drifting-snow transport and sublimation, processes that significantly contribute to the SMB on both local and icesheet-wide scales (Lenaerts and Van den Broeke, 2012) . Drifting-snow processes in the model lead to an increased extent of ablation (SMB < 0) and glazed areas (SMB ffi 0) in interior East Antarctica, features that are shown to be realistic (Stearns, 2011; Lenaerts and Van den Broeke, 2012; Scambos and others, 2012) . However, to resolve SMB gradients on smaller scales, which are mostly related to subtle variations in topography, subsequent wind field heterogeneity and snow erosion and deposition patterns, the model resolution was enhanced to 5.5 km resolution and run for a single year, 2009 (Lenaerts and others, 2012c) . At this resolution, it is shown that these improvements are necessary to simulate the strong wind acceleration inside the Byrd glacial valley. Due to this acceleration, the cumulative amount of drifting-snow sublimation and erosion is larger than precipitation, leading to ablation in the valley. These features are not resolved at 27 km resolution (Lenaerts and others, 2012c) .
In this study, we use daily output of RACMO2 for the year 2009 as climatic forcing for the FDM. We assume this forcing is representative of the long-term climate, a reasonable assumption since the 2009 SMB of this part of East Antarctica (Ice, Cloud and land Elevation Satellite (ICESat) basin 15 and 16; Shepherd and others, 2012) is 49 Gt a À1 , which is comparable to the 1979-2010 average of 47 Gt a À1 .
Firn-densification model
We use a one-dimensional, time-dependent FDM that calculates density, temperature and liquid water content in a vertical firn column (Ligtenberg and others, 2011) . The FDM is forced at the surface with output from RACMO2; SMB components (precipitation, surface sublimation, surface melt and drifting-snow processes), skin temperature and 10 m wind speed. The climate forcing along the ice-flow trajectory is defined as the four-point inverse-distance weighted average of the nearest RACMO2 gridpoints. To keep the FDM computationally feasible, while taking into account the varying climate on locations along the flowline, a constant climate of 10 years is chosen before it is moved to the new trajectory point with its associated different climate. The trajectory extends far enough upstream of the BIA to build up and refresh a complete firn column, thereby spinning-up the FDM.
In previous studies, the FDM was used to simulate firn and surface height changes at a fixed position (Ligtenberg and others, 2012; Pritchard and others, 2012) , whereas this study focuses on simulating the evolution of a firn layer that moves along an ice-flow trajectory. Also, the extreme conditions (ablation, high wind speeds) of the BG region are a rigorous test for the FDM compared with the accumulation zone of an ice sheet. For this purpose, some slight modifications to the FDM physics have been introduced, in comparison with the version of Ligtenberg and others (2011) .
Firstly, drifting-snow erosion/deposition is added as a mass removal/addition term, as it is one of the driving forces of BIA formation (Takahashi and others, 1988) . Every model time-step, RACMO2-simulated SMB components (snowfall, rainfall, snowmelt, surface sublimation, drifting-snow sublimation and drifting-snow erosion/deposition) are added to or removed from the top model layer with either the density of fresh snow (mass addition) or the density of the top model layer (mass removal). Secondly, the FDM must be able to accommodate a complete removal of the model firn layer. This is done by adding new layers with the density of ice at the bottom of the model firn layer when a minimum number of model layers is reached (50). Thirdly, the semi-empirical expression for the densification of firn used in the FDM depends on average accumulation ( _ b), and temperature (Herron and Langway, 1980; Arthern and others, 2010; Ligtenberg and others, 2011) , and is therefore physically unusable in ablation areas. Therefore, we assume that _ b is always at least equal to 15 kg m -2 a À1 , i.e. firn densification is a continuous process. Even in a negative accumulation area, snowfall events occur that add mass and therefore increase pressure on the firn layers, thereby enhancing firn densification. When mass is removed from the surface, pressure on the firn layers is lowered, but this does not cause 'negative' firn densification, i.e. no air is added to the firn layer. The value of _ b ¼ 15 kg m -2 a À1 was chosen based on model experiments, and gives comparable densification rates at depth between ablation and accumulation regions. Firn models that use the overburden pressure as a measure for firn densification (e.g. Barnola and others, 1991; Spencer and others, 2001) are not affected by this, as they do not use the average accumulation rate in their equations. Like most firn models, our FDM is calibrated to density data from accumulation zones. In the absence of similar data from ablation areas, we currently have to rely on these models without being able to directly validate the modeled density profiles.
Ice velocity
To obtain a trajectory along an ice flowline, the AIS ice velocity field of Rignot and others (2011) is bilinearly interpolated onto the grid of RACMO2 (5.5 km). Firstly, a location downstream of the ablation area (i.e. negative SMB in RACMO2) is selected and the trajectory is calculated in a stepwise fashion in the upstream direction, using the average flow velocity and direction of the four neighboring points. A time-step of 10 years is used. These steps are repeated until the trajectory reaches the East Antarctic plateau, where the climate is relatively stable and ice velocities are relatively low, conditions that are required to spin-up the model firn layer. Figure 2 shows the resulting ice-flow trajectory and SMB map and profile along the trajectory crossing BG. The trajectory starts at point 'S' on the East Antarctic plateau, at >2000 m a.s.l., where ice velocity is relatively low ($50 m a À1 ), and ends at point 'F' on the Ross Ice Shelf (RIS). The ice velocity in the first half of the trajectory is low; the more widely spaced trajectory dots indicate the increasing speed when the trajectory enters the narrow valley of BG, where the highest ice-flow velocities are reached (up to 1200 m a À1 ; Fig. 2a ). Ice-flow speed remains high when the trajectory leaves the narrow valley and enters the RIS.
At the start of the trajectory, the SMB is close to zero ( Fig. 2b and c) , with small SMB components (Fig. 2d ). Alternating patterns of ablation and accumulation are caused by subtle differences in the RACMO2 topography that initiate acceleration and deceleration of the wind speed (Lenaerts and others, 2012c) . In turn, this determines patterns of erosion or deposition of drifting snow (Fig. 2d ). This area of (near-)ablation agrees well with the 'wind-glaze' area found by Das and others (2013) , shaded green in Figure 3 . The Transantarctic Mountain range represents a large gradient in elevation and precipitation, leading to higher SMB values on the RIS to the east ($150 kg m À2 a À1 ) compared with the icesheet plateau to the west (À20 to 20 kg m À2 a À1 ). In the valleys of BG and Darwin Glacier (798 S, 1598 E) the SMB is dominated by large drifting-snow sublimation and erosion rates due to strong katabatic winds, leading to a locally negative SMB. Downstream at the RIS, the SMB turns positive due to more precipitation and lower wind speeds. Scambos and others (2007) present a satellite image algorithm for mapping snow grain size, and use it to estimate BIA extent. Using two bands from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite sensor, specifically its two 250 m resolution bands (band 1: red visible light at 620-670 nm; band 2: near-infrared at 841-876 nm), grain size is determined by the increased absorption of infrared light as grain size increases. The MODIS band 1 and 2 data are corrected for sensor drift, satellite and solar geometry, and atmospheric absorption, and are converted to top-of-the-atmosphere reflectivity before using a look-up table of snow grain size and reflectivity in each band derived from a model (Ricchiazzi and others, 1998; Painter and others, 2003) . A map of snow grain size produced from a MODIS mosaic of the Antarctic continent was produced and described by Scambos and others (2007) , and data for this 2003-04 mosaic and a second mosaic produced from 2008-09 data (Scambos and others, 2012) are available from NSIDC (nsidc.org).
Blue-ice area
An earlier Landsat-based study by Brown and Scambos (2004) used a supervised classification approach to map wind-induced BIAs near BG for seasonal and interannual variations in extent. Comparing the grain-size mapping results of the MODIS bands 1 and 2 approach with this earlier study indicates that an effective threshold for mapping BIA boundaries from optically determined snow grainsize data is 400 mm. Figure 3 shows the resulting BIA extent (in blue) when this threshold and the method described above are used. The two Mosaic of Antarctica grain-size datasets give results consistent with the BIAs considered by Brown and Scambos (2004) , and other mapped Antarctic BIAs (e.g. Van den Broeke and others, 2006) . They indicate that the BIA in the central BG trunk extends from just east of 1558 E to just west of 1628 E. However, these boundaries can vary due to seasonal and interannual variations in snow cover. For example, the eastern extent boundary varies between 161.68 E and 161.98 E in the 2004 and 2009 mappings. The western boundary, and most other windinduced BIAs in the region, are near identical in both mappings. The BG BIA is approximately 125-130 km alongflow and 20-30 km wide through the glacier trunk, extending quite close to the valley walls of the glacier. Along the ice-flow trajectory calculated in the previous subsection ( Fig. 2c ), the BG BIA extends from 156.48 E to 161.88 E (Fig. 3b ). The trajectory also passes through a smaller BIA, upstream of BG, which extends from 150.88 E to 152.18 E. Figure 4a shows the modelled evolution of the firn mass along the ice-flow trajectory through BG with the control climate forcing (Fig. 2) . Firn mass is defined as the vertically integrated mass of model layers with a density less than 830 kg m À3 , generally assumed to be the pore close-off depth and the boundary between firn and glacier ice (Herron and Langway, 1980; Ligtenberg and others, 2011) .
RESULTS
The upper x-axis indicates the elapsed time during the simulation, starting from the present day and assuming a steady-state climate throughout the period. Firn mass evolution follows that of the local SMB ( Fig. 2c) : firn mass decreases/increases with a negative/positive SMB. To create a realistic firn layer at the start of the trajectory, the climate of the first trajectory point is used to spin-up the FDM until the firn mass reaches a steady state ($40 tons), indicating that the firn layer is in equilibrium with the local climate. For the next 2500 years, the trajectory moves slowly eastwards and SMB is small, but positive (Fig. 2c) , causing the firn mass to remain relatively constant. When the trajectory enters a negative SMB region (148-1528 E), the firn mass steadily drops and becomes zero around 1528 E. Due to the low ice velocities on the East Antarctic plateau, the firn layer spends $80% of the total time in the 147-1528 E sector. Because the firn column resides a long time in this near-zero SMB environment, the entire firn layer is removed. These conditions indicate that the 147-1528 E region is prone to BIA formation, as supported by Figure 3a . This BIA will be referred to as 'Upper BIA'. The strong nonlinear character of the trajectory timeline is indicated by the time axis in Figure 4a . Figure 4b shows the components of the firn depth change rate due to the different firn and SMB processes others, 2011, 2012) . Around 1538 E the ice velocity increases as it approaches the BG valley, and moves into a positive SMB region. Accumulation is mainly due to increased drifting-snow deposition (Fig. 4b) , and results in the build-up of a new firn layer and increasing firn mass (Fig. 4a ). The SMB remains positive until 1578 E, because of low sublimation and periodically high drifting-snow deposition, further enhancing the firn mass. When the trajectory enters the BG valley, firn mass decreases rapidly, but not all the mass of the firn layer is removed (Fig. 4a) . The negative SMB is mainly caused by drifting-snow sublimation and erosion, but is counteracted by an increase in snowfall (Fig. 4b) . With ice velocities >1 km a À1 , it takes only $70 years for the ice to move through the BG ablation area (157-1608 E), during which time roughly half the existing firn mass is removed. When the trajectory enters the RIS ($1628 E) the ice velocity remains high, and the annual SMB becomes significantly positive (>150 kg m À2 ), due to increasing snowfall and reduced snowdrift activity. As a consequence, firn mass increases rapidly to form a thicker firn layer, which is characteristic for most of the Antarctic ice sheet and ice shelves (Ligtenberg and others, 2011) .
The FDM does not simulate a BIA on BG, with a significant amount of firn mass still present at its minimum (10 450 kg at 160.68 E). With an average annual SMB of À200 kg m À2 , it would take another $70 years to remove the remainder of this firn layer. This can either mean that the ice velocity is overestimated, transporting the firn layer too quickly through the ablation region, or that SMB is not accurately simulated. The second option is more likely, since the ice velocity should be halved in order to create the BG BIA, while the uncertainty in local ice velocity is only $5 m a À1 (Rignot and others, 2011) . SMB on BG is less certain, as RACMO2 simulations for the Antarctic ice sheet (Van de Berg and others, 2006; Lenaerts and others, 2012a; Ligtenberg and others, 2013) are initialized with a homogeneous firn pack covering the entire ice sheet, which is a valid assumption for $98% of the Antarctic ice sheet. However, at locations that experience significant snowmelt (e.g. the George VI Ice Shelf) or have a negative SMB (e.g. BIAs), this assumption is not longer valid. Although RACMO2 has an interactive firn layer, and the 5.5 km RACMO2 simulation considered here is initialized with the 27 km RACMO2 simulation of Lenaerts and others (2012a), the $30 years of spin-up are not long enough to remove the entire model firn layer and form a BIA in RACMO2. Therefore, the feedback processes that play a major role in the formation and persistence of a BIA are not (fully) represented in RACMO2. In the next subsection, these feedback processes and their influence on the evolution of the firn layer around BG are discussed.
BIA feedback mechanisms
Positive feedback processes active at the BIA surface are related to (1) the darker surface of a BIA compared to snow and (2) the smoother and harder surface of a BIA. The albedo of freshly fallen snow can be as high as 0.85, while the albedo of blue ice is in the range 0.5-0.6 (Bintanja and Van den Broeke, 1995), so blue ice absorbs three to four times more solar radiation than fresh snow. A part of this extra energy is transformed into heat, making the surface of BIAs warmer than the surrounding snow-covered areas. Bintanja and Van den Broeke (1995) found that, averaged over one summer, the surface temperature of a BIA was 6.4 K higher than over the surrounding snow-covered area. In the FDM, this effect was mimicked by adding a sine-like surface temperature correction, maximized at the summer solstice (+6 K) and zero when the sun is below the horizon at 808 S (Fig. 5a ). The associated increase in sublimation rate follows the correction for temperature, since the effects are coupled. At the summer solstice the sublimation correction is maximized at +0.3 mm d À1 (Fig. 5b) . This value is based on the difference in average summer latent heat flux above a BIA and snow (10 W m À2 ; Bintanja and Van den Broeke, 1995) . The magnitude of both corrections (temperature and sublimation) is made a function of the density of the upper model layer: no correction is applied for a snow surface ( < 400 kg m À3 ) and the full correction is applied for blue ice ( > 830 kg m À3 ), with a linear dependency in between. The latter threshold is chosen as it represents the approximate pore close-off density, at which air bubbles get trapped in the ice, and firn characteristics no longer change appreciably.
The smoother and harder surface of a BIA makes it more difficult for precipitating snow particles to form a continuous snow layer at the surface (Van den Broeke and Bintanja, 1995a) , especially during strong wind events. Therefore, less snow will accumulate at the surface of a BIA. To compensate for this effect, a fraction of the simulated snowfall and drifting-snow deposition is assumed to be removed from the surface, depending on the density of the surface. The threshold values for the surface density (400 and 830 kg m À3 ) are similar to that for the temperature and sublimation feedback. For a snow surface, all accumulation remains at the surface (fraction = 1.0), whereas on a BIA the fraction decreases to 0.2, meaning that only 20% of the accumulation is allowed to accumulate on the surface (Fig. 5c ).
To investigate the sensitivity of BIA formation to the above schematic adjustments, an ensemble of FDM simulations was performed with varying strengths. The feedback mechanisms as described in the previous paragraphs, were used as the maximized values (1.0, or 100%): a 6 K temperature increase, a latent heat flux increase of 10 W m À2 (e.g. a sublimation increase of 0.3 mm d À1 ) and an accumulation fraction of 20%. In each consecutive run, numbered X10 to X1, the feedback strength was decreased by fractional increments of 0.1. For example, the 'T6-S4-A3' acronym refers to a simulation with a temperature increase of 3.6 K (0.6 Â 6 K), a latent heat flux (or sublimation) correction of 0.12 mm d À1 (0.4 Â 0.3 mm d À1 ) and an accumulation fraction of 0.76 (1.0 -(0.3 Â 0.8)). The firn layer simulation without the feedback mechanisms ('control'), as shown in Figure 4a , is thus 'T0-S0-A0'. Figure 6 shows the evolution of firn mass along the ice-flow trajectory with the three feedback mechanisms activated separately with varying strengths: (a) temperature, (b) sublimation and (c) accumulation. The temperature feedback appears to have a minor effect on the simulated firn mass; only in the low-velocity region of the trajectory (151-1528 E) does the increase in surface temperature result in a significant change from the control run. The higher temperatures lead to higher firn densification rates, causing a faster firn/ice transition than in the control run and therefore earlier BIA formation. On BG no change in firn mass evolution is simulated for increased temperatures; BIA feedback processes are only activated when the upper layer density becomes >400 kg m À3 , and this threshold is not reached on BG. Apparently, snowfall and drifting-snow deposition are large and constant enough for the upper snow layer density to remain low.
Sensitivity experiments
In the sublimation (Fig. 6b) and accumulation (Fig. 6c ) experiments, the impact on firn mass is much larger. Both have similar effects on the firn layer: an increase in sublimation or a decrease in snow accumulation both decrease the SMB at the surface. For moderate feedback strengths (1-4), firn mass is reduced fairly linearly over the fast-ice-flow region (153-1628 E) . This is mainly caused by a lag effect that originates in the Upper BIA, where glacier ice is at the surface and the influence of the feedback processes therefore large. In both simulations, it takes more time for the new firn layer to re-establish itself and thereby deactivate the feedback mechanisms. When this happens ($1538 E), the SMB forcing is again equal to the control run and the evolution of firn mass is similar until 1598 E. Here BIA feedback processes again start to play a role as the upper layer density increases, causing the firn mass to reduce more rapidly. For relatively high feedback strengths (S5 and A4 and higher), a BIA at BG is simulated (firn mass = 0 at 1608 E). These results suggest that the feedback mechanisms described here are essential to sustain the BG BIA. If no BIA were present, the feedback mechanisms would not be active and the climate would be comparable to the RACMO2 output, which does not lead to a BIA on BG (Fig. 4) .
Between simulations S6 and S7 (and also between A5 and A6), a rapid change in firn mass prior to BG (154-1588 E) occurs, which is also initiated by the previously discussed lag effect. The SMB around 1538 E (Fig. 2c) is, in combination with the imposed increase in sublimation (or decrease in accumulation), too small to initiate fast firn layer growth. As the density of the upper layers remains high, the feedback processes remain active and no new firn layer is established. Only at $1548 E is the peak in SMB due to drifting-snow deposition large enough to start the formation of a significant firn layer. Hereafter, the feedback mechanisms are switched off and firn mass increases regularly until 1578 E. Only for the strongest feedback simulation (A10, accumulation reduced by 80%) is no firn layer simulated over the entire 152-1648 E section of the trajectory.
Although the sublimation and accumulation sensitivity simulations give quite similar results, there are also some notable differences. In the sublimation simulations, the onset of the Upper BIA occurs earlier with every experiment, whereas for the accumulation simulations an optimum is already reached in simulation A3. In this near-zero SMB environment, the individual SMB components are small ( Fig. 2d ) and because the accumulation feedback mechanism is prescribed as a fraction of the absolute amount, the imposed accumulation effect is also rather small. The sublimation effect, however, is prescribed as an absolute value and therefore has a continuously increasing effect. In the faster-flowing sections of the trajectory (154-1578 E), the reverse effect is visible; here the sublimation simulations converge, with the strongest feedback simulations (S7-S10) showing the same firn mass. When individual SMB components are large, the absolute effect of the sublimation feedback is small and here the relative accumulation feedback has a much bigger impact. This is reflected in the reduction of firn mass in each subsequent simulation (A1-A10). When the trajectory enters the RIS (>1628 E), all sublimation experiments form a firn layer, whereas the firn mass in the high-impact accumulation experiments (>A8) remains zero.
Combination of feedbacks
A combination of the feedback mechanisms is more realistic; to that end 121 experiments with different combinations of the sublimation and accumulation effects were performed. The temperature effect, although of minor importance, is also included and is prescribed to have the same relative strength as the sublimation effect. Figure 7 shows the results of 25 moderate combination simulations (A1-A5, combined with S1-S5). Similar patterns to those in Figure 6b and c emerge; (1) a faster formation of the Upper BIA, (2) the firn layer growth at the 153 or 1548 E accumulation event and (3) the varying presence and extent of the BG BIA.
The formation of the Upper BIA is similar to Figure 6b , as sublimation is the main driver of the formation of this BIA. With each increase in sublimation feedback strength, the Upper BIA is formed earlier, while an increase in accumulation effect induces significantly less change. The difference in maximum firn mass prior to BG (at 1568 E) also shows the same pattern as for the separate sublimation and accumulation simulations (Fig. 6b and c) . For the control run it peaks at $24 tons, and for moderate feedback simulations ($S2-A2) this reduces to 18-22 tons, due to the slight time lag in firn layer growth around 1538 E. From simulation S3-A3 onwards, the positive SMB event of 1538 E is not sufficient and the build-up of a firn layer is delayed until the positive SMB event at 1548 E, thereby generating significantly less firn mass ($7 tons). For stronger feedbacks, no firn layer is simulated and the BIA extends from 150 to 1628 E. The presence and/or length of the BG BIA depends mostly on this maximum firn layer mass prior to BG. If this firn mass is larger, more mass needs to be removed and the BIA forms later or not at all. The firn layer growth at the end of BG BIA is more robust, and is predicted to be $1628 E in all experiments. Figure 8 summarizes (a) the length, (b) the start position and (c) the end position of the BG BIA for the different model experiments, expressed in degrees longitude. The white area in the lower-left corner represents simulations in which no BIA develops. The white area in the upper-right corner represents simulations in which the BIA extends from at least 1528 E to the end of the trajectory. The latter means that the feedback processes are so strong that no new firn layer forms between the Upper and BG BIAs. For increasing strength of the feedback processes, the length of the BIA increases, with the start and end of the BIA propagating westwards and eastwards, respectively. However, the transition is not gradual; the start of the BIA shows a distinct transition between simulations that do not simulate a firn layer prior to BG and simulations that do (start of BIA >1588 E and <1588 E, respectively). Less distinct is the difference in start position above 1588 E, which indicates simulated firn layer growth from either the 1538 E or the 1548 E accumulation event. The end position of the BIA is more evenly distributed, with the majority of the solutions predicting the BIA terminating around 1628 E. The length of the BIA is simply the difference between the start and end position, and varies between 2 and 108 E.
An optimal combination of accumulation and sublimation feedback strengths is hard to provide, because no combination exists that best captures the start, end and length of the BG BIA. Figures 7 and 8 show that the end location of the BG BIA is positioned rather uniformly around 1628 E, in agreement with observations. Based solely on the start position, the solutions along the line A5-S1 to A1-S9 (Fig. 8b) contain the optimal combinations. Although the start of the observed BG BIA at 156.48 E is not well captured, they simulate a start location of 158-158.58 E. Experiments A4-S2, A3-S4 and A2-S5 seem the most realistic, assuming that the feedback mechanisms (accumulation and sublimation) are similar in strength.
DISCUSSION
Validation of the firn mass evolution along the trajectory remains challenging, as few detailed firn profiles are available. According to MODIS imagery, the onset of the observed BIA on BG (156.48 E) is situated close to the start of the negative SMB region (from 156.68 E onwards; Fig. 2a ). In combination with the relatively high ice velocities in this region, this suggests that the upstream firn layer mass should at least be small. This is an indication that the moderate sensitivity simulations with a lower firn mass around 155-1578 E could be more realistic than the control simulation. Moreover, most of the region of the East Antarctic plateau upstream of BG is observed to be 'windglaze' area, indicating that the firn mass is potentially low throughout the region.
The simulated firn mass is almost entirely determined by the SMB from RACMO2, which, in turn, is dominated by the variation in deposition and erosion of drifting snow in this region (Fig. 2d ). The simulation of this process is complex and depends on subtle differences in topography, which are probably not fully captured at this horizontal resolution (5.5 km). Lenaerts and others (2012c) show large changes in the transition from 27 to 5.5 km horizontal resolution. It is highly likely that a further increase in resolution would enhance the drifting-snow details and further benefit the simulation of firn mass in the low-ice-velocity areas.
Location and extent of both the Upper BIA and the BG BIA are qualitatively correctly simulated by the FDM. For the Upper BIA, ice velocities are low to such a degree that even a slightly negative SMB can cause the complete removal of the firn layer. The simulated location of the BIA is mainly determined by the local drifting-snow erosion maximum, and is therefore sensitive to the resolved model topography, as described above. For the BG BIA to form, large ice velocities require significant negative SMB conditions, potentially in combination with a small firn mass upstream of the high-velocity region. Otherwise the complete firn layer could not be removed in the relatively short time it spends in the ablation zone.
SUMMARY
In conclusion, the formation of a BIA is an interplay between (1) ice velocity, (2) SMB and (3) the firn mass of the existing firn layer prior to the ablation area. If the ice velocity is low enough, the SMB negative enough or the firn mass prior to the ablation area small enough, a BIA is likely to form. Otherwise, these three variables need to occur in a favorable combination in order to remove the entire firn layer and form a BIA.
The FDM of Ligtenberg and others (2011) has been adapted to simulate the formation and removal of a firn layer along an ice-flow trajectory that crosses BG in East Antarctica, where MODIS imagery shows the presence of an extensive BIA. The mass balance of the firn layer is mainly determined by the SMB. If the SMB is significantly positive, the firn layer grows towards a steady state in which growth at the surface balances with ice formation at the bottom. A low or negative SMB (ablation) leads to a negative firn layer mass balance; if this process continues long enough, the firn layer is completely removed and a BIA forms.
When the RACMO2 simulated SMB is used directly as forcing for the FDM, no BIA on BG is formed. The possible causes are that the SMB is not negative enough to remove the complete firn layer, or that the simulated firn mass upstream of the BIA is too large. Because RACMO2 assumes the presence of a continuous snow surface across the entire Antarctic ice sheet, certain feedback processes that are characteristic of BIAs are underestimated. Three BIA feedback mechanisms were studied in more detail: (1) increased surface temperature, (2) increased sublimation and (3) decreased accumulation. The increase of surface temperature alone has a minor effect, as it only affects the firn compaction speed, which is of secondary importance for firn mass removal and subsequent BIA formation. Decreasing the net SMB, by either increasing sublimation or decreasing accumulation, causes a more rapid decrease of firn layer mass. The formation and/or existence of the BG BIA represents the interplay between ice-flow velocity, SMB and firn mass upstream of the ablation area.
Once a BIA has formed, it can be self-sustaining, due to positive feedback mechanisms that remain active as long as the surface is not covered with a continuous layer of fresh snow. As a result, the BIA may persist longer before a new firn layer can establish itself. In our simulations this lag effect was especially important upstream of BG, which, in turn, has a distinct effect on the formation of the BG BIA. Using a moderate combination of the sublimation and accumulation feedback mechanisms, the extent of the observed BG BIA was reasonably well simulated. A robust result is that the sublimation and accumulation effects are of similar importance, while the effect of surface temperature is minor. 
